Abstract. Activated mast cells are involved in the pathogenesis of allergic rhinitis (AR). As a member of the matrix metalloproteinase (MMP) family, MMP9 has been previously demonstrated act in a pro-inflammatory manner. Mast cells regulate the activity of MMP9, and mast cells themselves have been reported to produce MMP9. However, to the best of our knowledge, the involvement of MMP9 in mast cell activation remains to be elucidated. The present study demonstrated an upregulation of MMP9 protein and mRNA expression levels in mast cells activated by phorbol ester and ionomycin. Phosphorylated ERK and AKT protein levels also markedly increased in activated mast cells, and inhibition of the ERK and AKT signaling pathways prevented the increase of MMP9 in activated mast cells. MMP9 was demonstrated to be involved in mast cell activation, since inhibition of MMP9 activity or expression inhibited mast cell activation. Furthermore, IL-4 treatment reduced MMP9 upregulation in activated mast cells, and interference with IL-4 signaling with an IL-4 neutralizing antibody promoted MMP9 upregulation in activated mast cells. These results revealed a novel MMP9-mediated mechanism underlying mast cell activation, thus providing novel ideas for AR therapy.
Introduction
Allergic rhinitis (AR) is an immunoglobulin (Ig) E-mediated, non-infectious inflammation of the nasal mucosa, characterized by paroxysmal sneezing, rhinorrhea, nasal itching and nasal obstruction when the susceptible individuals are exposed to allergens (1) . The incidence of AR has risen significantly and, in 2010, the disease affected an estimated 10-20% of the global population (2) . AR directly exacerbates other inflammatory airway diseases, including asthma, which threatens the lives of patients (3) . The most effective drugs for the treatment of AR are antihistamines and topical glucocorticoids (1) , but while these drugs temporarily alleviate AR symptoms they cannot cure AR altogether. Thus, it is important to further understand the mechanisms underlying AR development, as this will assist the exploration of novel AR therapies.
Mast cells are directly and pathologically involved in AR (4) . While AR pathology is dominated by Th2 cells, it remains dependent on the ability of antigen-specific IgE to bind to FcεRI, which is expressed on mast cells. Cross-linkage of FcεRI results in the activation of the mast cell and initiation of a signal transduction cascade, leading to the release of tumor necrosis factor-α, interleukin (IL)-4, histamine, heparin, serotonin, kinins and proteases, which in turn lead to inflammatory cell activation and recruitment, and allergic disease-associated smooth muscle contraction (5) . Furthermore, mast cells respond to multiple inflammatory factors, including IgG, cytokines, chemokines, adenosine and sphingosine-1-1phosphate (6) (7) (8) (9) (10) . The direct relationship between the activation of mast cells and AR pathological responses is well documented, but it is necessary to further elucidate the process of mast cell activation.
The matrix metalloproteinase (MMP) family consists of zinc-dependent endopeptidases (11) . MMPs are primarily involved in the cleavage of the extracellular matrix (ECM), but are also involved in a range of biological and pathological processes, including fibrosis, inflammation and wound healing (12) . MMP9, a member of the MMP family, has been categorized as a pro-inflammatory factor. Mast cells synthesize ECM components and their adhesive interactions with fibroblasts result in MMP9 release. MMP9 release has been demonstrated to further increase in the presence of IgE (13) . In turn, MMP9 induces the release of cytokines and chemokines from EMC, facilitating the infiltration of immune cells into the inflammation site (14) . MMP9 is also closely associated with mast cells. Interactions between mast cells and fibroblast induce MMP9 release from fibroblasts (15) and myocardial mast cells are involved in the regulation of MMP9 activity (16) . Mast cell chymase is involved in the activation of pro-MMP9 and MMP2 (17) , and tryptase-producing mast cells may be associated with MMP2 and MMP9 expression (18) . Notably, human mast cells produce MMP9 themselves (19) . However, to the best of our knowledge, the regulation of MMP9 production in mast cells and its effects on mast cell activation remains unknown.
In the present study, MMP9 expression was demonstrated to increase in activated mast cells in an AKT and ERK signaling pathway-dependent manner, and increased MMP9 levels were implicated in the activation of mast cells. Furthermore, the increased expression of MMP9 in activated mast cells was inhibited by IL-4. Cells and cell culture. The murine mast cell P815 cell line and human mast cell HMC-1 cell line were obtained from the American Type Culture Collection (Manassas, VA, USA). RPMI-1640 supplemented with L-glutamine, sodium pyruvate, non-essential amino acids, a 2-fold vitamin solution, and penicillin-streptomycin (Invitrogen; Thermo Fisher Scientific, Inc.). Fetal bovine serum (FBS; HyClone; GE Healthcare Life Sciences, Logan, UT, USA) or horse serum (Invitrogen; Thermo Fisher Scientific, Inc.) was added to the media. All cultures were performed at 37˚C in a 5% CO 2 atmosphere.
Materials and methods

Reagents
Cytokine assay and β-hexosaminidase release. A total of 2x10 5 P815 or HMC-1 cells were stimulated with 50 nM PMA and 500 nM ION for 24 h, and were subsequently centrifuged at 400 x g for 5 min at 25˚C. Cell supernatant was collected and IL-4 and IL-6 levels were measured by ELISA, according to the manufacturer's protocol. To detect degranulation, 50 µl supernatant was removed for β-hexosaminidase measurement, and deionized water was added to the remaining cell pellets. The samples were frozen, thawed, and a second 50 µl was removed to determine the total β-hexosaminidase content. β-hexosaminidase samples (50 µl) were incubated in 0.04 M citric acid with 0.02 M Na 2 HPO 4 containing 10 mM p-nitrophenyl N-acetyl-α-D-glucosaminide for 90 min at 37˚C. The reaction was developed using 0.4 M glycine and the absorbance was determined at 405 nm. The release percentage was calculated as follows: [β-hexosaminidase in supernatant/(β-hexosaminidase in supernatant + total β-hexosaminidase in pellet)] x100.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
The total RNA was extracted using TRIzol reagent. and cDNA was synthesized using a PrimeScript™ RT reagent kit (Takara Bio, Inc., Otsu, Japan), according to the manufacturer's protocol. The following primers were used: β-actin, forward: 5'-CGT TGA CAT CCG TAA AGA CC-3' and reverse: 5'-AAC AGT CCG CCT AGA AGC AC-3'; MMP9, forward: 5'-CGG CAC GCC TTG GTG TAG CA-3' and reverse: 5'-GGC GCA CCA GCG GTA ACC AT-3'. The following PCR conditions were used: 1 cycle of 95˚C for 30 sec followed by 40 cycles of 95˚C for 5 sec and 60˚C for 34 sec. RT-qPCR and the 2 -∆∆Cq method was performed on an Applied Biosystems 7500 real time PCR system (Thermo Fisher Scientific, Inc.) with version 2.0.6 software (20) .
Inhibition of ERK, AKT and MMP9 activity.
To inhibit the ERK and AKT signaling pathways, the 2x10 5 P815 cells were pre-treated for 2 h with either 100 nM U0126 or 10 nM MK2206, or both, and were then activated using 50 nM PMA and 500 nM ION for 24 h. To inhibit MMP9, the 2x10 5 P815 cells were pre-treated with 10 nM CTK8G1150 for 2 h and subsequently activated by 50 nM PMA and 500 nM ION for 24 h. The control group was treated with DMSO.
Western blot analysis. The total proteins were extracted from cells (HMC-1 and P815) using protein extracting buffer [20 mmol/l Tris-Cl buffer, pH 7.5, containing 1 mmol/l ethylenediamine tetraacetic acid, a protease inhibitor cocktail (complete, Mini, ethylenediamine tetraacetic acid-free, 1 tablet of 10-ml buffer; Sigma-Aldrich, Merck Millipore), 1% sodium dodecyl sulfate, 10% Triton X-100, and 2 mol/l dithiothreitol]. After 30 min on ice, the samples were centrifuged at 17,600 x g for 10 min at 4˚C). A total of 20 µg crude proteins extracted from cell lysates from HMC-1 and P815 cells were separated on 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and were subsequently transferred onto polyvinylidene difluoride membranes (Merck Millipore). The membranes were blocked with 5% FBS in Tris-buffered saline, pH 8.0, plus 0.05% Tween-20, for 1 h at room temperature, and were then incubated with the corresponding primary antibodies at 4˚C overnight. Following washing with Tris-buffered saline plus 0.05% Tween-20, the membranes were incubated with secondary antibody conjugated to horseradish peroxidase (cat. nos. P-0217, P-0161, P-0160; 1:1,000; Dako; Agilent Technologies, Inc., Santa Clara, CA, USA) was incubated for 1 h at room temperature. Proteins were visualized using SuperSignal West Femto Maximum Sensitivity Chemiluminescence substrate (Thermo Fisher Scientific, Inc.).
Gelatin zymography. A gelatin zymography assay was performed to investigate the secretion of active MMP9. A total of 4x10 4 of HMC-1 and P815 cells were grown to 70% confluence, washed twice with PBS and incubated in serum-free medium.
Conditioned medium was collected 24 h following this and was concentrated with a centrifugal filter (Merck Millipore) at 6,000 x g for 15 min at 4˚C Concentrated samples were prepared in non-reducing sample buffer (Invitrogen; Thermo Fisher Scientific, Inc.). Proteins (20 µl/lane) were separated by SDS-PAGE on gels containing 1 mg/ml gelatin (Novex 10% gelatin gel; Invitrogen; Thermo Fisher Scientific, Inc.). The gels were renatured for 1 h at room temperature in 1X renaturing buffer (Invitrogen; Thermo Fisher Scientific, Inc.). Following this, gels were incubated overnight at 37˚C in 1X developing buffer (Invitrogen; Thermo Fisher Scientific; Inc.). Gels were stained with Coomassie blue for 2 h at room temperature. The brightness of the clear bands, where MMP9 was located and the gelatin was degraded, was analyzed according the optical density using Bio-Rad Image Lab version 4.0 (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
RNA interference assay. MMP9 and negative control siRNA duplexes (40 nM) were transfected into cells of HMC-1 and P815 (5x10 5 /well) using 3 µl INTERFER in siRNA transfection reagent (Santa Cruz Biotechnology, Inc.) in a 24-well plate. The efficiency of MMP9 silencing was confirmed by western blot analysis.
Statistical analysis. Data are presented as the mean ± standard error. The results were compared using one-way analysis of variance in SPSS version 16 (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
MMP9 expression is upregulated in activated mast cells.
Following stimulation with 50 nM PMA and 500 nM ION, P815 cells released significantly increased levels of IL-4, IL-6 and β-hexosaminidase compared with control cells or DMSO-treated cells (P=0.0018, P=0.0014 and P=0.0002, respectively; Fig. 1A ). HMC-1 cells also had higher levels of IL-4, IL-6 and β-hexosaminidase (data not shown). Following activation, increased mRNA (Fig. 1B) and protein (Fig. 1C) expression levels of MMP9 were detected in both P815 and HMC-1 cells. To confirm an increase of MMP9 release, MMP9 activity was detected by gelatin zymography. Activated P815 and HMC-1 cells degraded visibly more gelatin compared with the control or DMSO-treated cells (Fig. 1D) . These results indicated that MMP9 expression is upregulated in activated P815 and HMC-1 mast cells.
Upregulation of MMP9 in activated mast cells is dependent on the ERK and AKT signaling pathways.
The ERK and AKT signaling pathways are involved in the activation of mast cells (21) and have also been reported to induce the expression of MMP9 (22) . The present study aimed to establish whether the ERK and AKT signaling pathways are involved in MMP9 upregulation in activated mast cells. Phosphorylated ERK and AKT expression levels were visibly increased in activated P815 cells (Fig. 2A) . Following treatment with the ERK-specific inhibitor U0126 or the AKT-specific inhibitor MK2206, PMA+ION treatment-induced increases in MMP9 protein levels were partially inhibited in activated P815 cells compared with DMSO-treated activated P815 cells (Fig. 2B ). Combined treatment with both U0126 and MK2206 appeared to completely abolish increased MMP9 protein levels in activated P815 cells compared with DMSO-treated activated P815 cells (Fig. 2B) . These results suggested that the increased MMP9 levels observed in activated mast cells are dependent on the ERK and AKT signaling pathways.
MMP9 promotes the activation of mast cells.
To establish the effect of MMP9 on mast cell activation, the MMP9 inhibitor suggested that MMP9 is involved in the activation of mast cells.
IL-4 inhibits MMP9 upregulation in activated mast cells.
IL-4 has been previously demonstrated to inhibit MMP9 expression in rat synovial membranes incubated in vitro (23) and activated mast cells produce high levels of IL-4 (24). Therefore, it was hypothesized that IL-4 was involved in the regulation of MMP9 expression in activated mast cells. The protein expression of MMP9 was visibly inhibited in 10 ng/ml IL-4-treated activated P815 cells compared with untreated activated P815 cells (Fig. 4A) . Furthermore, inhibiting IL-4 signaling using 10 µg/ml IL-4 neutralizing antibody resulted in visibly increased MMP9 protein levels in activated P815 cells compared with untreated activated P815 cells (Fig. 4B) . These results indicated that IL-4 negatively regulates MMP9 expression in activated mast cells.
Discussion
AR is an important health problem due to its prevalence and its impact on the social life, school performance and work productivity of patients (25) . Mast cells are the most important effector cells in AR (26) . In general, mast cells are activated through cross-linkage of FcεRI by antigen-specific IgE. They are key effectors in IgE-dependent hypersensitivity reactions (5). Ligation of FcεRI, constitutively expressed on mast cells, promotes cell activation and immediate release and production of pro-inflammatory mediators, characterized by sneezing, itching, rhinorrhea and nasal obstruction, and AR may negatively impact AR patient's quality of life (27, 28) . HMC-1 (27) and P815 (28) cell lines were often used to explore the mechanism of AR development, whereas there is no recognition about their involvement in mastocytoma. The present study, determined that MMP9 was implicated in PMA and ION-induced activation of mast cells. This finding provided a novel insight into the mechanisms underlying mast cell activation.
As a member of the MMP family, the primary function of MMP9 is to degrade the ECM, which facilitates the invasion and metastasis of tumors (29) . MMP9 has also been demonstrated to regulate the release of inflammatory factors and cytokines. Binding of MMP9 to CD44 promotes the release of activated transforming growth factor-β1 (30) . MMP9 has also been previously reported to increase vascular endothelial growth factor release and promote angiogenesis (31) . A variety of inflammatory factors and cytokines activate mast cells (32) and it is possible that MMP9 promotes PMA and ION-induced mast cell activation through the regulation of the inflammatory factors and cytokines involved in mast cell activation. However, further investigation is required to elucidate the precise mechanism.
High IL-4 levels are produced by activated mast cells. In the present study, it was demonstrated that IL-4 decreases MMP9 protein levels in activated mast cells, forming a negative feedback loop. In this manner, mast cells are able to limit self-activation. Inhibition of IL-4 expression has been proposed as an effective strategy for the treatment of airway inflammation (33) . Therefore, attempts to negatively regulate IL-4 in mast cells must take this into consideration. Without further study, the comprehensive outcome of IL-4 inhibition to control airway inflammation remains difficult to determine.
In conclusion, MMP9 was upregulated during mast cell activation, and this upregulation was dependent upon normal function of the ERK and AKT signaling pathways. Increased MMP9 levels were demonstrated to further activate mast cells, whereas IL-4 inhibited the increase of MMP9 in activated mast cells. These findings revealed a novel mechanism underlying mast cell activation, which enhances current understanding and may provide novel targets for the treatment of AR.
